Following the January 2006 European ban of antibiotics used as growth promoters in the veal calf industry, new feed additives are needed in order to maintain animal health and growth performance. As an alternative to in vivo experiments in the testing of such additives, an in vitro system modeling the intestinal ecosystem of the veal calf was developed. Stabilization of the main cultured microbial groups and their metabolic activity were tracked in an in vitro continuous fermentor operated under anaerobiosis, at pH 6.5, and at a temperature of 38.5°C and supplied with one of three different nutritive media (M1, M2, or M3). These media mainly differed in their concentrations of simple and complex carbohydrates and in their lipid sources. In vitro microbial levels and fermentative metabolite concentrations were compared to in vivo data, and the biochemical composition of the nutritive media was compared to that of the veal calf intestinal content. All three nutritive media were able to stabilize anaerobic and facultative anaerobic microflora, lactate-utilizing bacteria, bifidobacteria, lactobacilli, enterococci, and Bacteroides fragilis group bacteria at levels close to in vivo values. The microbiota was metabolically active, with high concentrations of lactate, ammonia, and short-chain fatty acids found in the fermentative medium. Comparison with in vivo data indicated that M3 outperformed M1 and M2 in simulating the conditions encountered in the veal calf intestine. This in vitro system would be useful in the prescreening of new feed additives by studying their effect on the intestinal microbiota levels and fermentative metabolite production.
European regulations introduced in January 2006 banned the use of antibiotics as growth promoters (AGP) at subtherapeutic levels in animal feed (regulation EC 1831/2003), particularly for veal calves. AGP generated significantly enhanced growth performance via complex processes. The mechanism of growth promotion is still speculative, but many studies suggest the involvement of the intestinal microbiota (7, 9) . First of all, AGP did not promote the growth of germfree animals (6) . Moreover, they strongly inhibited the bacterial catabolism of urea and amino acids and the fermentation of carbohydrates both in vitro and in vivo (10, 28, 35) . AGP treatment thus provided the animal with higher nutrient availability and led to a decrease in the toxic metabolites produced by bacteria, like ammonia or amines, limiting the energy needed by the animal to detoxify the organism. Some authors also argue that another beneficial effect of AGP results from improved control of intestinal pathologies, such as necrotic enteritis in poultry (12) . The January 2006 ban is thus expected to have an impact on veal calf health by leading to more frequent digestive disorders, as previously observed in pigs and poultry in the Nordic countries (36) , where AGP have been totally prohibited since the 1990s. Even though no scientific study has yet been done on calves, there have already been reports of higher death rates on experimental commercial farms subsequent to the withdrawal of AGP. The main digestive diseases leading to veal calf deaths are enteritis and enterotoxemia, which are mainly triggered by pathogenic strains of Escherichia coli and Clostridium perfringens (22, 30) .
Veal calf producers are looking for new feed additives to allay the consequences of the AGP ban. Alternative approaches include the use of prebiotics, probiotics, or plant extracts. Several studies have reported both consistent improvements in weight gain and feed conversion and a reduction of the incidence of diarrhea with the addition of such additives to the veal calf diet (1, 11, 14) . One of the hypotheses used to explain these beneficial effects involves the modulation of the intestinal microbiota. In particular, oligosaccharides containing mannose or fructose are known to selectively increase the growth of beneficial intestinal bacteria, including lactobacilli and bifidobacteria (21) . Timmerman et al. (33) showed that a calf-specific probiotic containing six Lactobacillus species reduced the fecal counts of E. coli. Green tea extracts also improved the intestinal microbial balance by maintaining high fecal levels of Bifidobacterium and Lactobacillus spp. and decreasing those of C. perfringens (16) .
As indicated above, it is important to assess the action of newly developed feed additives on the veal calf intestinal microbiota. High interindividual variability makes it difficult and expensive to carry out in vivo studies. Alternatively, experiments can be conducted via in vitro systems modeling the intestinal environment of the animals, provided the model has been checked as pertinent. This approach should allow an economical and ethical way to prescreen feed additives by studying their effects on the intestinal microbiota cultured in the in vitro system and its metabolic activity. With this objective in mind, a necessary requirement is knowledge of the veal calf intestinal ecosystem. Thus, the bacterial and biochemical composition of the jejunoileal chyme of calves was previously characterized (13) . The aims of the present study were (i) to set up an in vitro system where the main cultured microbial groups identified in the veal calf intestinal chyme are reproducibly stabilized and metabolically active and (ii) to validate our model by comparing the in vitro and in vivo levels of selected biotic and abiotic variables.
MATERIALS AND METHODS

Animals.
Twenty-seven calves of the Prim'Holstein breed (age, 22.3 Ϯ 1.5 weeks; average weight, 122 Ϯ 10 kg) were obtained from four different veal farmers running under controlled rearing conditions. The calves were fed a standard diet (13) . They received no antibiotic therapy for at least the last four weeks running up to the experiments. The animal housing, husbandry, and slaughtering conditions were compliant with European Union standards (34) . The intestinal contents were collected on the slaughtering line from animals whose meat was intended for human consumption. The animals were slaughtered 6 h after their last meal.
Preparation of inocula for in vitro fermentation. Jejunoileal samples were taken from the intestines of three animals within 5 min after slaughter (13) . The contents were immediately brought to the lab in CO 2 -filled bottles and treated in an anaerobic chamber. Conditions inside the chamber were maintained using commercial premixed gas containing 90% N 2 , 5% CO 2 , and 5% H 2 (AirProducts, Paris, France). Anaerobiosis was constantly monitored on an oxygen analyzer (Coy Laboratory Products, Grass Lake, MI), and O 2 levels were maintained at 10 ppm or less using palladium catalysts. The contents were filtered through gauze to remove the largest particles, such as hair. A homogenized pool of the three samples (400 ml each) was used as the inoculum for the in vitro system. A 5-ml inoculum sample was taken to perform microbial counts at the initial time of fermentation (day 0), and 17 ml was frozen (Ϫ20°C) for further metabolite analyses.
In vitro fermentation conditions. The experiments were carried out in a continuous culture system (Bioflo 3000; New Brunswick, Paris, France). The system comprised one glass vessel with an operating volume kept at a constant 1,200 ml by a level probe controlling the outflow of the fermentative content. A sterile nutritive medium made fresh daily was introduced continuously at a rate of 15 ml/h (retention time, 80 h). Three different media (M1, M2, and M3) were supplied to the fermentor (see Table 1 for composition). The fermentative medium was permanently stirred by a screw at a rate of 255 rpm, the pH was kept at a constant 6.5 by adding 3 M NaOH, and the temperature was maintained at 38.5°C. The atmosphere was filtered (0.2 m) continuously.
During the preparation of the inoculum, the in vitro system was flushed with N 2 to create an anaerobic atmosphere. The inoculum was transferred from the anaerobic chamber to the fermentor in a hermetically sealed bottle, and fermentation started immediately. N 2 flushing was stopped, and the anaerobic conditions inside the vessel were maintained by microbial activity. The anaerobic state of the vessel was controlled daily by measuring O 2 levels via gas chromatography (HP 6890 series columns Molecular Sieve 5A and Porapak Q; Agilent Technologies, Santa Clara, CA). Every day, 22 ml of fermentative medium was collected. Five milliliters was used for microbial counts, and 17 ml was frozen (Ϫ20°C) for further metabolite analyses. Each experimental condition, i.e., with each different nutritive medium, was tested three times (for a total of nine runs), and the experiments lasted 7 days.
Biochemical composition of the nutritive media. The biochemical composition of the three nutritive media was analyzed according to Gérard-Champod et al. (13) . Briefly, humidity was determined by the Karl Fisher method and used to calculate the amount of dry matter. Total nitrogen was measured using the Kjeldahl method (ISO5983), and total protein was calculated by multiplying total nitrogen by the Jones factor (5.41). Amino acid profiles were determined on a Biochrom20 amino acid analyzer (Biochrom, Cambridge, United Kingdom). Lactose, glucose, and galactose were determined with enzymatic kits (R-Biopharm, Darmstadt, Germany). Glucose and galactose were measured in both raw and hydrolyzed samples. Fat content was measured after Soxhlet extraction with petroleum ether (3). Ash content was quantified in dried samples (550°C).
Microbial counts. Anaerobic microflora, Bacteroides fragilis group bacteria, lactate-utilizing bacteria, lactobacilli, enterococci, bifidobacteria, E. coli, and C. perfringens were enumerated on selective solid culture media (13) . Briefly, serial 10-fold dilutions were done in anaerobic, aerobic, or tryptone-glucose-yeast dilution medium. For anaerobic microflora (culture medium, brain heart infu- .0 E-6 1.0 E-6 1.0 E-6 Vitamin B 12 2.5 E-7 2.5 E-7 2.5 E-7 D-Pantothenic acid 5 .0 E-6 5.0 E-6 5.0 E-6 Nicotinamide 2.5 E-6 2.5 E-6 2.5 E-6 4-Aminobenzoic acid 2.5 E-6 2.5 E-6 2.5 E-6 Thiamine 2.5 E-6 2.5 E-6 2. perfringens (Viande Levure medium), 100 l of each serial dilution was inoculated into the anaerobic chamber using the spread plate method. For lactobacilli, the dilutions were maintained under CO 2 flow and 1 ml of each serial dilution was inoculated onto Rogosa medium using the pour plate method. The roll tube technique (18) was used to count lactate-utilizing bacteria (lactate medium). For enterococci (bile esculin azide agar medium) and bifidobacteria (Beerens medium), 100-l volumes of the dilutions were inoculated under aerobic conditions via the spread plate method. Finally, E. coli was inoculated onto tryptone bile X-glucuronide medium under serial aerobic dilutions using the pour plate method. For facultative anaerobic microflora and yeast, serial 10-fold dilutions were done in aerobic dilution medium, brain heart infusion agar (29) , and Sabouraud (24) medium, respectively, which were used for counting. The culture media were inoculated with 100 l of each serial dilution under aerobic conditions using the spread plate method.
All of the media were incubated at 37°C, except for yeast enumeration (30°C). Members of the microbiota were enumerated by visual counting, taking mediumspecific discrimination into account.
Fermentative metabolite analyses. Thawed samples were brought to 80°C in 15 min in a water bath to stop enzymatic reactions and then centrifuged (9,000 ϫ g, 20 min, 4°C) before analyzing the supernatants for L-lactate and ammonia concentrations using enzymatic kits (R-Biopharm, Darmstadt, Germany). Shortchain fatty acid (SCFA) analyses were run via gas chromatography (HP 6890 series HP19091N-133 column in polyethylene glycol [30 m by 250 m by 0.25 m]; split ratio of 3:1; 140°C for 7 min, followed by 240°C for 4 min; Agilent Technologies, Santa Clara, CA) according to Jouany (17) . Acetic, propionic, isobutyric, butyric, isovaleric, and valeric acids were analyzed in thawed samples after deproteinization with mercury chloride I and centrifugation (15,000 ϫ g, 15 min, 7°C). The internal standard used was 4-methylvaleric acid.
Statistical analysis plan. (i) Descriptive analyses.
The main study objective was to obtain experimental conditions allowing the stabilization of most of the microbial populations enumerated at levels close to those observed in vivo and with the best intertrial reproducibility. Steady state of a nutritive medium (M), a trial (T), and a microbial population (P) was defined as a succession of at least three time points with a coefficient of variation (CV) of Ͻ10% and a global range lower than 2 logs. The beginning of each steady state was characterized by the Ti MPT value (initial time of the steady state for each nutritive medium, bacterial population, and trial). Ti MP (maximum Ti MPT among the three trials) was the time point from which the microbial population P was considered stable in medium M. Ti M (maximum Ti MP among all microbial populations) was the time point from which the overall selected populations were considered stable in medium M.
(ii) Statistical analyses. Analyses of variance (ANOVA) were carried out using the general linear model procedure bundled with the SAS software (SAS Institute, Cary, NC) to study the variability of the microbial populations' steadystate levels (i) between trials for a nutritive medium and (ii) between nutritive media (M1, M2, and M3) for the three trials.
Fermentative metabolite concentrations were compared to the initial values and between the nutritive media using the unpaired Student t test. One-way ANOVA was used to test for significant differences between groups. Using the same method, in vitro microbial levels and fermentative metabolite concentrations were compared to in vivo data and the biochemical profiles of the nutritive media were compared against the jejunoileal contents of veal calves. A probability level of P Ͻ 0.05 was considered statistically significant.
RESULTS
Biochemical composition of the nutritive media. The biochemical analyses of the three nutritive media (n ϭ 1) are given in Fig. 1 . Similar concentrations of total nitrogen (5%), protein (30%), and ash (8%) were observed in the three nutritive media, but M1 contained less fat than did M2 and M3 (3.0% versus 11.4 and 12.5%, respectively). Lactose, glucose, and galactose were found in lower concentrations in M1 (between 0.1 and 0.2% of the dry matter) than in M2 or M3 (between 1.4 and 3.1%). In the three media, acid hydrolysis led to an increase in glucose and galactose percentages (to approximately 25 and 10%, respectively). The amino acid profiles were similar for M1, M2, and M3 (data not shown) and showed a main peak consisting of two amino acids, glutamic acid and glutamine, as our analytical method did not allow their separation. Fatty acid profiles were highly different between the nutritive media (data not shown). M1 was mainly composed of on June 25, 2017 by guest http://aem.asm.org/ oleic acid, whereas M2 and M3 were similar to each other, with four major fatty acids (palmitic, stearic, oleic, and linoleic acids).
In vitro levels of selected microbial groups. The average concentrations (n ϭ 3) of the enumerated microbial groups are presented in Fig. 2 . All three nutritive media followed the same trends. Anaerobic microflora and lactate-utilizing bacteria stabilized between 8 and 10 logs; facultative anaerobic microflora stabilized between 7 and 9 logs; lactobacilli, bifidobacteria, and enterococci stabilized between 6 and 8 logs; and B. fragilis group bacteria stabilized between 5 and 7 logs. All of these bacterial groups stabilized around their initial levels (day 0). E. coli stabilized between 4 and 6 logs, which was, on the contrary, far from the initial value (7.5 logs). C. perfringens and yeasts disappeared from the fermentative medium by day 2. These two groups were not statistically analyzed, as they stabilized close to the zero level. Table 2 presents the number of stabilized trials over the three repetitions for each bacterial population, giving the initial time of the steady state (Ti MP ) and the intertrial CV. Ti MP s are also shown in Fig. 2 . M1 and M3 were able to stabilize selected bacterial populations in at least two out of three trials, except for E. coli, which was stabilized only once with M1. M2 appeared to be the least efficient medium, as three of the enumerated populations were stabilized only once and only two populations (anaerobic microflora and lactate-utilizing bacteria) were stabilized in all of the trials. The time needed for all of the enumerated bacterial populations to reach a steady state (Ti M [maximum Ti MP ]) was 5 days for M1 and M3 and 4 days for M2. Analysis of the intertrial CV during the steady states showed that the variability was lower for the anaerobic microflora (from 7% to 12%, depending on the nutritive medium) than for the other bacterial groups (from 1% to 49%). M1 led to the lowest CV for enterococci, M2 for the anaerobic microflora and lactate-utilizing bacteria, and M3 for all of the other populations.
In vitro concentrations of fermentative metabolites. L-Lactate, ammonia, and SCFA concentrations were measured every day during the fermentations with M1, M2, and M3 (Fig. 3) . L-Lactate concentrations decreased from day 0 to day 1 in all of the trials and then increased from day 4 to the end of the experiment with M2 and M3 only. With M1, L-lactate was undetectable after day 1. There was a significant difference in L-lactate concentrations between M1 and the other two nutritive media during the microbial steady state (P Յ 0.009). In all three trials, ammonia levels increased from day 0 (global average, 0.23 Ϯ 0.05 g/liter) to day 2 and remained stable thereafter with M1 and M2. During the microbial steady state, there were significantly (P Յ 0.016) higher concentrations of ammonia with M3 than with M1 or M2. Total SCFA amounts increased strongly in all three trials from day 0 (global average, 40 mM) to day 2 (266 mM). Then, with M3, the SCFA concentration stabilized at approximately 200 mM until the end of the experiment, whereas with M1 and M2, the total SCFA decreased from day 4 to day 7.
Comparison with in vivo data. Nitrogen, protein, and ash composition was not significantly different (P Ͼ 0.05) between the calf jejunoileal content and the three media (Fig. 1) . How- ever, fat, glucose, galactose, and lactose concentrations were lower in M1 (but not M2 or M3) than in vivo. Moreover, in contrast with M2 and M3, we noted differences between the fatty acid profile of M1 and that recorded in vivo (data not shown). In particular, the complexity found in the jejunoileal content was not recovered in M1, which was mainly composed of oleic acid. Figures 4 and 5 illustrate the comparative analysis of the microbial and metabolite concentrations obtained during stabilized states of in vitro fermentations and the concentrations measured in the veal calves. During fermentations with M1 (Fig. 4A) , there were no statistically significant differences between the levels of microbial populations stabilized in the fermentor and the in vivo levels of all of the bacterial groups enumerated (P Ͼ 0.13), except for the anaerobic microflora, which was stabilized at a significantly higher concentration in vitro than in vivo (P Ͻ 0.001). The median was always located on the same side of the average in vivo and in vitro, showing a similar data distribution. With M2 (Fig. 4B) , anaerobic microflora and lactate-utilizing bacteria were stabilized at significantly higher concentrations in vitro than in vivo (P Յ 0.001). For most of the bacterial groups, the medians were not on the same side of the average in vivo and in vitro, which indicates that the values were inversely distributed in vitro and in vivo. With M3 (Fig. 4C ), no significant difference was observed between the in vitro steady states and the in vivo data for enterococci, bifidobacteria, and lactate-utilizing bacteria. Lactobacilli were stabilized at a higher value in the in vitro system than in vivo (P ϭ 0.01), whereas the in vitro concentrations of B. fragilis group bacteria and E. coli were significantly lower than the in vivo values (P Յ 0.01). Variance analysis of anaerobic microflora indicated a significant difference between the two groups, but as the averages and medians differed by less than 1 log and the interquartile ranges overlapped, the difference was not considered significant.
Concerning fermentative metabolites (Fig. 5) , the statistical analyses showed a marginal but nonsignificant difference (P Ն 0.06) between in vivo and in vitro levels of L-lactate in M2 and M3 due to a high CV (Ͼ88%). L-Lactate concentrations during the microbial steady states in M1 were null for all of the trials, leading to a lower level in vitro than in vivo (P ϭ 0.02). Ammonia and total SCFA were stabilized at significantly higher concentrations in vitro than in the veal calves (P Ͻ 0.001) for all of the nutritive media.
DISCUSSION
The aim of this study was to develop an in vitro model of the veal calf small intestine by stabilizing the main cultured bacterial groups present in this ecosystem at levels close to those found in vivo and keeping them metabolically active.
The physicochemical parameters of the in vitro system were chosen according to in vivo data (13): the pH was controlled at 6.5, and the temperature was set at 38.5°C. According to preliminary results, the residence time was set at 80 h to avoid rapid flushing of some bacterial species. Three different nutritive media were tested. M1 is the medium classically used in in vitro models of the human gut (20) . M2 and M3 were modified from M1 on the basis of biochemical analyses of the jejunoileal contents of veal calves (13) . Briefly, the simple lipid source used in M1 (Tween 80) was replaced with a complex one in M2 and M3 to better represent the complexity found in vivo, and M2 and M3 were completed with simple sugars found in the intestinal contents of calves. It is assumed that glucose and galactose (the amounts of which increased after acidic hydrolysis) are derived from mucin, which is the main endogenous glycoprotein found in vivo (26) . Compared to M2, M3 medium was devoid of fibers, as they are present in the veal calf diet in very small amounts. Biochemical analyses of the three nutritive media confirmed that M2 and M3 have a composition clearly closer to that found in vivo than does that of M1 and therefore appeared to be the best suited to mimic nutrient supplies in the veal calf small intestine.
The facultative anaerobic microflora, anaerobic microflora, and taxonomic microbial groups enumerated in the in vitro system were chosen as marker populations (23) . E. coli and C. perfringens bacteria were counted because they are involved in the main digestive diseases affecting calves (22, 30) . Our fermentative conditions stabilized the selected microbial groups at a level close to the initial value, with the exception of E. coli. The main cultured genera found in the veal calf were therefore preserved in the in vitro system. In contrast, C. perfringens and yeast cells were rapidly cleared from the fermentor, probably due to their low concentrations in the inoculum compared to the other microbial groups enumerated (10 3 to 10 5 versus 10 7 to 10 8 ). A regular input of these species into the in vitro system could be a solution that would allow them to be maintained at the initial concentrations. Another way to avoid flushing of microbial species would be to improve the model by fixing the intestinal microbiota in gel beads, as already described by Cinquin et al. (5) .
Statistical analyses were performed in order to select one nutritive medium from among the three tested. Under our stringent analysis conditions (steady state defined by a Ͻ10% CV), none of the media was able to stabilize all of the selected microbial populations in all of the trials. Nevertheless, based upon the results obtained, it was obvious that M1 and M3 outperformed M2. Considering the intertrial CV calculated during the steady states, M3 led to the most reproducible results for the majority (five out of eight) of the bacterial groups enumerated. The results obtained in vitro during the stabilized states were afterwards compared to those obtained previously in the animals (13) . M1 was the medium that allowed the stabilization of selected microbial populations at the levels closest to in vivo values. Moreover, for all of the media, the ranges of concentrations observed during the in vitro steady states were equal to or even lower than those found in the veal calf. This indicates that modeling led to a decrease in the interindividual variability observed in vivo.
Another important step in the setup of the in vitro model was to ensure that the microbiota stabilized in the fermentor was metabolically active. All of the experiments yielded fermentation products such as lactate, ammonia, and SCFA but with different trends. Lactate is an intermediate of the bacterial metabolism of carbohydrates used in the production of fatty acids (31) . The difference in lactate concentrations between M1 and the other two media may be due to a higher availability of simple sugars in these two media. Consequently, it can be supposed that L-lactate was produced rather than consumed (by lactate-utilizing bacteria) in M2 and M3 and, inversely, consumed rather than produced in M1. Ammonia accumulated during fermentation at significantly higher levels than at day 0. High concentrations of this metabolite could become toxic for the microbiota (27) . Nevertheless, the amounts reached in the in vitro system have been shown to be nontoxic for E. coli (27) , C. perfringens (19) , and yeasts (15), which were the only populations that decreased or disappeared from the system during fermentation. Compared to the other two nutritive media, M3 allowed stabilization of the total SCFA concentrations. Several authors (2, 8, 25) have used this parameter to determine the steady state of their in vitro systems, implying a great advantage for M3 in this study.
There was no significant difference between in vitro and in vivo data for lactate concentrations (except for M1), due to high variability in both cases. Inversely, ammonia and total SCFA were significantly higher in vitro than in vivo. This accumulation may be explained by the fact that our model does not reproduce the absorption of fermentation products such as that which occurred in vivo (32) . Upcoming system optimizations should include the addition of a dialysis system to ensure the absorption of excess fermentation products, as has already been done in the dynamic in vitro system TIM-2 from TNO (4).
This report describes the setup of the first in vitro system modeling selected biotic and abiotic parameters of the veal calf intestine. Our in vitro conditions led to the stabilization of a metabolically active and complex microbiota at levels close to in vivo values. Comparison between in vitro and in vivo data indicated that M3 medium gave better results than M1 and M2. This model should be used to prescreen new feed additives by studying their effects on the intestinal ecosystem of veal calves, particularly on the levels of the main cultured bacterial groups and on the concentrations of the main fermentative metabolites.
